Optimum near-far resistance is studied for synchronous dual-rate DS/CDMA systems. Three multi-rate access schemes are considered: multi-code (MC) access where high-rate users multiplex their data bits onto multiple codes and form a single-rate system; variable spreading length (VSL) access where the spreading lengths of signature sequences are inversely proportional to users' data rates; and variable chipping rate (VCR) access where the chipping rates of the signature sequences are proportional to users' data rates. In order to remove the in uence of signature sequences in the comparison of the three schemes, random signature sequences are assumed. Optimum near-far resistance is then averaged over all possible realizations. Two types of code sets are considered for the VSL system: general random codes and random repetition codes. Bounds and approximations are provided for the average optimum near-far resistance. Analytical results show that the performance depends on the access schemes and the data rate of the users. The results for the VSL scheme with general random codes are extended for performance evaluation of systems with signature sequences which span many symbol intervals.
Introduction
As wireless communication systems proliferate, much e ort is being devoted towards o ering wireless transmission for various information sources such as voice, video, and data. Each of these information sources has di erent inherent data rates. Thus, new techniques will have to be developed for modulation, detection, and estimation of this heterogeneous (multirate) tra c. Recently, Direct-Sequence Code-Division Multiple-Access (DS/CDMA) systems have received much attention for single-rate communications as they enable e cient and dynamic use of the radio spectrum; they also provide natural implementations for multi-rate communications. In this paper, we shall investigate dual-rate DS/CDMA communications, focusing on the receiver performance achievable for di erent multi-rate access schemes.
It is noted that recently several single-rate receivers have been investigated for multi-rate communications: the conventional receiver (e. g. 6] ) and successive interference cancellation 7]. Multi-rate based detection schemes include maximum likelihood based receivers 8] and decorrelator based receivers 9, 10, 11]. Most of the prior work has focused on receiver design for a particular multi-rate access scheme. In 8, 11] , it was observed that performance results were often dependent on the particular realization of spreading codes, thus making global comparison of access schemes problematic.
In an attempt to address these concerns, this paper will consider the performance di erences for three access schemes proposed for multi-rate communications: multi-code access (MC) where high-rate users multiplex their information streams onto multiple codes; variable spreading length access (VSL) where signature sequences of di erent lengths are assigned to users with di erent data rates; and variable chipping rate access (VCR) where signa-1 ture sequences of di erent chipping rates are assigned to users with di erent data rates.
Performance is determined via a random signature sequence analysis.
In order to obtain a general result which is valid for di erent receivers, we use optimum near-far resistance 2] as the performance measure of interest. It is noted that optimum near-far resistance can be achieved by the optimum receiver 1], the decorrelator 2] and the Minimum Mean-Squared Error (MMSE) receiver 3, 4] . Speci cally, the optimum near-far resistance is also the Asymptotic Multiuser E ciency of the decorrelator and can be used to evaluate its probability of error directly. In addition, the optimum near-far resistance is a quantity which admits straightforward evaluation for this analytical study. For this random signature sequence analysis, the expected near-far resistance is determined over all possible realizations of the signature sequences. It is noted that a random signature sequence analysis for the MMSE receiver operating in a single-rate system has been developed in 5] and can be used directly in evaluating optimum near-far resistance for the MC scheme. This is due to the additional structure present in the relevant cross-correlation matrices. For the VSL and VCR schemes, however, the techniques in 5] cannot be applied directly. We will combine the techniques in 5] with other statistical results 15, 16] to extend the work for a single-rate system to a VSL or VCR-based multi-rate system. Furthermore, the results for the VSL scheme are extended to treat signature sequences which span many symbol intervals (such systems are termed Random CDMA (R-CDMA) systems in 20]). This paper is organized as follows. Section 2 describes the three access methods, the received signal model and provides a review of the multiuser receivers that achieve optimum near-far resistance. The comparison of the three access methods is presented in Section 3.
Section 4 contains numerical examples; and nal remarks are provided in Section 5. Ap-2 pendix A contains sketches of the proofs of the propositions in Section 3.
Preliminaries
In this paper, we shall consider a synchronous dual-rate DS/CDMA system with the rate ratio between the high-rate and the low-rate being an integer M. Before describing the signal model, we rst introduce the three access schemes that will be compared in this paper.
Access Methods
The three access schemes considered in this paper are shown in Figure 1 . In the MC method 12, 13], each high-rate user's data bits are transmitted in parallel with the same rate as low-rate bits. Thus if the rate ratio is M, each high-rate user can be regarded as M low-rate virtual users, where all of the virtual users have the same spreading length. This method enables the use of existing single-rate systems to provide multi-rate services.
In the VSL method, the lengths of the signature sequences for users with di erent data rates are di erent. However, the chipping rate 1 is the same for all the users. Similar to the MC method, each high-rate user can be treated as M low-rate virtual users, but with shorter spreading codes than those of the low-rate users.
In the VCR method, the chipping rates of the signature sequences for the high-rate and low-rate users are di erent but their spreading lengths are the same. If we sample the signature sequences at the high chipping rate, the discrete-time model is an equivalent VSL system. The additional constraint on the low-rate signature sequences is that every M chips form a group which take on the same value.
System Model
In this work, we will use the discrete-time, baseband signal model sampled at the chipping rate. We shall investigate the coherent detection of dual-rate synchronous DS/CDMA signals. The synchronism assumption allows us to derive tractable analytical results and they can be applied to bound the performance of pseudo-synchronous system proposed in 21, 22] directly. For synchronous systems, we only need to consider the received signal in a single low-rate bit interval:
A m i;1 b m i;1 s m i;1 (k) ) + n(k); 1 k NM; (1) where the second subscript indicates whether the parameter is for a low-rate user (0) or for a high-rate user (1). The number of low-rate users is denoted by K 0 and the number of high-rate users is denoted by K 1 . N is the spreading length of high-rate users in the VSL scheme and M is the rate ratio between the high-rate and the low-rate. A j;0 and b j;0 denote the received amplitude for the j'th low-rate user and its received bit. Similarly, A m i;1 and b m i;1 are the received amplitude in the m'th sub-interval for the i'th high-rate user and its received bit, respectively. The signature sequences are denoted by s j;0 (k) and s m i;1 (k) for low-rate and high-rate users, respectively. The noise n(k) is additive white Gaussian noise with variance 2 . This is the model for a virtual low-rate system. Each user's signature sequence has length NM and is normalized over the interval of interest. In the MC method, s j;0 (k) 6 = 0 and s m i;1 (k) 6 = 0 for every k (1 k NM). In the VSL method, s j;0 (k) 6 = 0 8k, of the VSL signals, the VCR signature sequences also satisfy the relationship: s j;0 (k) = s j;0 (l); if nM + 1 k; l (n + 1)M; 1 n N: (2) We also introduce the unnormalized signature sequences u j;0 (k) and u m i;1 (k) where
for the MC scheme and
for the VSL and the VCR scheme.
Receiver Structures
We next review the multiuser receivers that achieve optimum near-far resistance: the optimum receiver, the decorrelator and the MMSE receiver. After the received signal passes through the bank of lters matched to the spreading codes of the active users, the outputs can be written in the following matrix form, 
We shall be investigating these receivers' performance in terms of a multi-user performance measure. In particular, we will look to the near-far resistance 2] which measures the robustness of a receiver to changes in the interfering users' energies in the high SNR region.
Near-far resistance is computed as the worst case exponential decay rate of the probability of error in the high SNR region. Throughout this paper, we shall label the desired user as user 0 and all the interferers are labeled user 1 to K 0 + MK 1 ? 1 . In a single-rate system with xed signature sequences, it has been shown in 2, 4] that when the interferers' signature sequences are linearly independent, the near-far resistance of these three receivers is optimum and is given by = 1 ? T ? ?1 ; (10) where ? is the cross-correlation matrix of the normalized signature sequences of users 1 We will compare optimum near-far resistance for the three access methods in this section.
In order to equalize the communication systems in these access methods, we assume a oneto-one mapping between the virtual users in the three virtual low-rate equivalent systems.
They transmit the same number of data bits within a low-rate bit interval with the same transmission energy per bit. It is noted that the VCR scheme provides di erent bandwidths for the high-rate and low-rate users. We assume that the chipping rates in the MC and VSL scheme are the same as the high chipping rate in the VCR scheme such that each scheme occupies the same bandwidth.
Analysis of MC Method
Since the MC method transforms a dual-rate system into an equivalent single-rate system with the same spreading length, we can use the results in 5] directly. However, analysis of the VSL system requires new results. Prior to presenting the new results, we summarize the procedure used in 5] in the context of a dual-rate system.
Without loss of generality, we consider the rst virtual user's (user 0) optimum near-far resistance. Since each unnormalized signature sequence u i is an independent and identically distributed random binary sequence chosen from f?1; 1g NM , it is shown in 5] that for ?
invertible, (15) This lower bound is independent of the interfering users' signature sequences, thus for each virtual user, we have the lower bound of the average optimum near-far resistance,
Analysis of VSL Method
In this section, we will consider the optimum near-far resistances of high-rate and low-rate users in the VSL scheme. First, we shall introduce the cross-correlation matrix and present methods for the construction of the signature sequences in the VSL scheme which are di erent from the MC scheme.
In the VSL method, the M virtual low-rate users corresponding to a high-rate user are orthogonal to each other, so the cross-correlation matrix of the low-rate virtual system is a sparse matrix expressed in the following block matrix form: where ? 00 ] m;n = s T m;0 s n;0 ? 0k ] m;n = s T m;0 s k n;1 k > 0 and ? kk ] m;n = ? s k m;1 T s k n;1 k > 0 : (16) It is noted that ? is symmetric and ? jj = ? 11 for j 1 : (17) Since the spreading lengths of the high-rate and low-rate users are di erent, we can consider two simple methods of constructing the random signature sequences for low-rate users. We denote these two methods as the general random code method and the random repetition code method. In the general random code method, u j;0 is chosen randomly from f?1; +1g NM 
Because of this construction di erence, the signature sequences in the two cases have different statistical properties which lead to di erent values for the average optimum near-far resistance. Similar to the procedure in 5], we will rst average optimum near-far resistance over the desired user's signature sequence, then average over all the interferers' signature sequences. We will summarize the results in the next two subsections; sketches of the proofs can be found in Appendix A; the complete proofs are in 19].
Analysis of General Random Code Method
When using the general random code method, the low-rate users' signature sequences are constructed in the same way as in the MC method. Following the same procedure in the analysis of the MC method, we get the following result. 
Therefore, the low-rate users have the same lower bound on the average optimum near-far resistance in both access methods.
For the high-rate users, the length of the signature sequences is N. In the virtual lowrate system, the relationship between the virtual signature sequences and the original ones is shown in (18) . Without loss of generality, we consider the rst high-rate user in the rst sub-interval. It can be shown that
where ? and are de ned as in Section 2. The proof can be found in Appendix A. 1 . This result shows that, asymptotically as N ! 1, the optimum near-far resistance of each high-rate user in the VSL method with general random sequences is better than that of the MC method.
The propositions in this subsection can be extended to treat other scenarios such as quasi-synchronous systems 21, 22] and R-CDMA 20] systems. The extension to R-CDMA systems is discussed in Section 3.4.
Analysis of Random Repetition Code Method
Because of its construction method, random repetition codes have the following special properties:
? 0i = ? 01 ;
? i 00 = 1 M ? 00 ; (25) E fu i;0 (k)u j;0 (l)g = 
The proof can be found in Appendix A.2. It is clear that when the interferers' signature sequences are linearly independent, the optimum near-far resistance of each low-rate user in the MC method is better than that in the VSL method with random repetition codes.
The choice of random repetition codes versus general random codes will not a ect the performance of high-rate users too severely as the high-rate spreading codes are non-zero only for a single sub-interval. However, the repetition codes do result in more structured cross-correlation matrices and make it possible to remove the asymptotic requirement in The proof can be found in Appendix A.3.
Analysis of VCR Method
As mentioned in Section 2, a VCR system can be transformed into a VSL system if we sample the signature sequences at the high chipping rate. Thus, all of the equations on the cross-correlation matrices in the VSL scheme can be applied here. The di erence between the VCR scheme and the VSL scheme with general random codes is the following special property for the VCR system: E fu i;0 (k)u j;0 (l)g = 
The proof can be found in Appendix A. 4 . This result shows that the low-rate users in the VCR scheme achieve performance similar to that of the VSL scheme with random repetition codes.
Since the high-rate spreading sequences are non-zero only for a single sub-interval, the property in (31) does not in uence the performance of high-rate users too much. With some minor modi cations of the proof of Proposition 3.2, we can get the following result: Proposition 3.6 When N is large, the average optimum near-far resistance for high-rate users in the VCR scheme can be approximated as
The proof is in Appendix A.5.
Extension to R-CDMA Systems
In some CDMA schemes such as IS-95 14], the period of the signature sequences is much longer than the corresponding bit interval. Such a system is often termed R-CDMA (which stands for (pseudo) Random CDMA) in 20]. In a dual-rate synchronous system with the VSL scheme, if we still detect data bits over a low-rate bit interval, then each high-rate user's signature sequence is di erent in di erent sub-intervals for a R-CDMA system. It can be shown that such scheme achieves the same average optimum near-far resistance as that in the VSL scheme with general random codes case. The proofs in Propositions 3.1 and 3.2 can be applied here directly.
Di erent high-rate signature sequences in di erent sub-intervals can also be viewed as a new method of constructing the multi-rate signature sequences. Unlike the repetition code method, we construct a set of signature sequences in a low-rate bit interval. For each low-rate bit, the bit is modulated by an entire sequence; for each high-rate bit, the bit is modulated by only 1 M of a sequence. Previous results show that the VSL scheme with such signature sequences can achieve better average optimum near-far resistance than that in the random repetition code case.
4 Numerical Results
In this section, we present numerical results for the optimum near-far resistances of low-rate and high-rate users in the di erent schemes. Each simulated optimum near-far resistance is averaged over 5000 realizations of the spreading codes.
Figures 2{6 show the average optimum near-far resistance for the high-rate and low-rate users in di erent schemes as N, the spreading length of high-rate users in the VSL scheme, increases. In these gures, there are 4 low-rate users (K 0 = 4) and 5 high-rate users (K 1 = 5) and the rate ratio is M = 4. The analytical bounds and approximations are also presented in the corresponding gures for comparison. All of the gures share a common characteristic:
the theoretical results and the numerical results match very well.
In Figure 2 , the MC scheme is investigated. Since it is in fact a single-rate system, high-rate and low-rate users achieve the same performance. The gure shows that the lower bound developed by single-rate technique is very tight. Figure 3 considers the VSL scheme with general random codes (denoted as GRC in the gure). It is clear that the high-rate users perform better than the low-rate users. Although we only get an asymptotic approximation for the high-rate users' optimum near-far resistance, numerical results show that this approximation is quite accurate even when N is not very large. The VSL scheme with random repetition codes (denoted as RRC in the Figure) is explored in Figure 4 . The high-rate users still perform better than the low-rate users and the performance di erence is larger than that in Figure 3 . The upper bound for the high-rate users is not so tight as in the previous case when N is not very large. But as N increases, the di erence between the bound and the numerical result becomes smaller and smaller. Figure 5 shows the users' performance in the VCR scheme. The high-rate and low-rate users have similar performance as those in Figure 4 . Although we only developed an approximate lower bound for the lowrate users in the VCR scheme without any information about the tightness of the bound, the numerical results show that this bound appears to be tight. Figure 6 investigates the VSL scheme for R-CDMA systems (denoted as VSL-R in the Figure) . As we have predicted, the high-rate and low-rate users achieve similar performance as those in the VSL scheme with general random codes.
Figures 2{6 also show that the longer the spreading code is, the better the average optimum near-far resistance is. The in uence of other parameters is presented in Figures 7{ 9 using the analytical results. In these three gures, N is xed to be 127. Figure 7 investigates the performance as a function of the rate ratio M. There are 25 low-rate users (K 0 = 25) and 25 high-rate users (K 1 = 25) in the system. As rate ratio M increases, the average optimum near-far resistance of each high-rate user in the VSL and the VCR schemes will increase and approach a constant 1 ? K 1 ?1 N . For the users in MC scheme and the low-rate users in the VSL scheme with general random codes, the average optimum near-far resistance will also increase and approach 1 ? K 1 N . Therefore, the average optimum near-far resistance mainly depends on the number of high-rate users when M is large. The low-rate users in the VSL scheme with random repetition codes and the VCR scheme are not in uenced by the value of M since their average optimum near-far resistances are independent of M. Figure 8 explores the in uence of the number of high-rate users when M = 16 and K 0 = 25. It is easy to see that every user's performance is degraded with increased number of high-rate users. Performance degradation is also observed in Figure 9 with increased number of low-rate users and xed M = 16 and K 1 = 25. But the in uence of the number of low-rate users is much larger on the low-rate users applying the VSL scheme with random repetition codes and the VCR scheme than in the other cases. This is consistent with the observation in Figure 7 for the case when M is large. It is noted, however, that the number of high-rate and low-rate users should be much less than N, so that the statistical results invoked in the proofs remain valid.
Figures 7{9 also enable us to compare the performance of the three access schemes.
For the high-rate users, all of these schemes except for the MC scheme achieve the same optimum near-far resistance which is better than that for the MC scheme. For the low-rate users, however, MC scheme and the general random code method achieve a performance which is better than that for the random repetition code method and the VCR scheme. In each scheme, the low-rate users cannot perform better than the high-rate users.
Conclusions
In this paper, we have compared the optimum near-far resistance for a synchronous dual-rate CDMA system for three access schemes: MC scheme, VSL scheme (including the general random code case and the random repetition code case) and VCR scheme. With the random signature sequence assumption, the in uence of the spreading sequences is averaged out.
Based on the comparison of the bounds and the approximations of the average optimum near-far resistances, we have found that the receivers perform di erently depending on the access scheme employed and the data rate of the users. For a high-rate user, the performance in the VSL scheme is same as that in the VCR scheme, and is better than that in the MC scheme. So in the synchronous AWGN channel, although the processing gain of the highrate users in the VSL and the VCR schemes is only 1 M of that in the MC scheme, the orthogonality among the virtual low-rate users provides more advantage and thus makes the overall near-far resistance better than that in the MC scheme. For a low-rate user, the performance in the MC scheme is the same as that in the general random code case and is better than that in the random repetition code case and the VCR scheme. Numerical results
show that the bounds and the asymptotic approximations are very tight even when N is not very large. The work on the VSL scheme with general random codes is extended to evaluate the performance of the R-CDMA systems. It is noted that this work can also be used to upper and lower bound the quasi-synchronous system 21, 22] performance by considering a general random code case and two synchronous systems.
Throughout the paper, we consider the observation interval to be that of the low-rate symbol interval. In the VSL and VCR scheme, if the rate ratio M is signi cantly large, the demodulation delay for the high-rate users' bits arriving at the beginning of the low-rate interval will be excessively long. To reduce the delay and receiver complexity, it is possible to detect high-rate bits prior to receiving the entire low-rate observation, i.e., the high-rate bits are detected based on the observation over m (1 m < M) relevant sub-intervals. This is similar to the multi-rate decorrelators discussed in 9, 10, 11]. >From the previous results, it is easy to see that the longer observation interval is used, the better the performance is for each high-rate user. It means that we have to make tradeo s between delay, receiver complexity and the performance.
Optimum near-far resistance is an asymptotic multiuser measure which cannot completely characterize the performance of a particular receiver. There are other measures such as the achievable capacity, and complexity that also need to be considered in comparing the access schemes. Therefore, more investigation is necessary to determine which scheme provides the superior multi-rate access method.
A Proofs of Propositions in Section 3
In this appendix, we only provide sketches of the proofs of the propositions in Section 3 due to the limited space. Full proofs can be found in 19]. We rst state the statistical lemmas 15, 16] which will be used in the proofs.
Lemma A. 
and let S L , S i L , S i H be the corresponding matrices of normalized signature sequences. 21
In the VSL scheme, the cross-correlation matrix of the low-rate virtual system is a sparse matrix as shown in (16) . It has the same block matrix form as that seen in 11]. The only di erence is that we are considering the cross-correlation matrix of the interferers excluding the desired user while in 11] we consider all the users. Throughout the rest of the proofs, those matrices or vectors with overbars indicate that they are for all the users in the group and those without overbars indicate that they are for all the users in the group except the desired one.
Again, we rst x all the interferers' signature sequences and average over the desired user's signature sequence. As shown in Section 3, we obtain: 
